Abstract Rainfall catches from three standard MKII Meteorological Office gauges are examined. These gauges differ in that one is exposed, one is surrounded by a turf wall and the third is mounted at ground level. Rainfall records between 1976 and 1988 are analysed to assess the variations in rainfall catch between the three types of gauge. During the early period of study, differences between gauges exceeded those in later years and this has been attributed to the settling-in of the new turf wall and ground level collector surfaces. After this initial period the annual differences in catch relative to the standard exposed gauge are 2% and 5% for the turf wall and ground level gauges respectively. Regression analysis has produced correction equations which can convert standard exposed gauge data to either turf wall or ground level equivalents. The equation for ground level/exposed gauges is found to be very similar to one developed in Nigeria and has been found to be applicable to water balance studies elsewhere.
INTRODUCTION
Precipitation is probably the most frequently measured component of the hydrological cycle and has a long record dating back to the seventeenth century within the UK (Reynolds, 1965) . Engineers and hydrologists make great use of the extensive network of data in their estimations of catchment conditions and river flows. However, the assumption that these data are both areally and quantitatively representative is rarely tested. Three fundamental sources of error exist in the estimation of precipitation. Firstly, there is the problem of estimating areal precipitation from measurements at single points. The second problem stems from operational errors such as mis-readings or erroneous recordings by the observer or from random variations in the rainfall distribution found with intense localized storms. Such errors can generally be regarded as random, and if the records are long-term, they can normally be regarded as self-balancing around a "true" mean which is representative of the total population of readings. The third source of error concerns the relationship between the precipitation collected by the gauge and that which actually falls on the ground surface. It is this third source of error which is studied in detail in this paper; the impact of this error source on several catchment water balances has been assessed elsewhere (Essery, 1987) .
In this paper, the results and analysis of a 12 year study are presented. The study examines variations in monthly raingauge catch among three standard UK Meteorological Office Mkll raingauges (Meteorological Office, 1986 ) installed respectively at 12 inches above the ground, inside a standard 12 inch high turf wall, and at ground level. The motivation and reasoning behind such a study were to assess the impact of systematic precipitation measurement errors on the overall catchment water balance. Initial studies by Rodda (1970) at Wallingford indicated a mean difference of about 7% in catch between a standard exposed gauge and a ground level equivalent with seasonal variations of between 2% and 13%, using approximately three years of data. The current study aims to test the applicability of Rodda's findings to the climate and catchments within Northern Ireland.
THE STUDY SITE AND CLIMATE
The rainfall data used in this study are collected at a climatological station run by the University of Ulster at Coleraine, County Londonderry (UK Meteorological Office station number 962813) on the north coast of Ireland and represent a major component of a long-term water balance study. Data from a second site in County Antrim are also available, although for operational reasons the data are believed to be suspect. This site is the Altnahinch Weather Station (station number 963676) and is discussed later in this paper. The Coleraine site is at a coastal, lowland location. The climatic regime is fully described by the Meteorological Office (1983) . In general, the climate of Northern Ireland is classed as mild and temperate, experiencing few extremes of temperature. The proximity of the study site to the coast (4 km) ensures both relatively few frosts and the presence of land-sea breezes. Snowfalls are infrequent in winter and rarely persist. Rainfall is the dominant climatic factor, with between 900 and 1100 mm being collected each year.
INSTRUMENTATION
Three types of storage raingauge are installed at the study site, along with tilting-syphon and tipping-bucket recorders. The gauges are read daily at 09.00 GMT and the analyses described in this paper are based on accumulated monthly rainfall totals. The standard gauge has been found to underestimate the actual rainfall received on the ground (Rodda, 1967 , 1968 , 1970 and Rodda & Smith, 1986 ) through the effects of wind turbulence and acceleration across the collection orifice. The Meteorological Office has recognised this and introduced the turf wall gauge at exposed sites where wind effects are greatest (Huddleston, 1933) . The ground level gauge used in this study was developed by the UK Institute of Hydrology at Wallingford and attempts to reduce wind effects by surrounding the gauge with an aluminium lattice grid to smooth the passage of air across the collection orifice and reduce the effects of ground splash into the gauge. This gauge design was tested extensively by Rodda (1968) and found to reduce "splash-in".
ANALYSIS
The rainfall data sets Rainfall data have been collected at the Coleraine site since 1965, although this study deals only with the period between October 1976 and September 1989. Monthly totals are highest in winter (approximately 120 mm per month), but substantial also in summer (typically 50 mm plus per month). February is the only anomalous month, being relatively dry due to mid-winter anticyclones over Scandinavia which often produce prolonged dry, cold spells. A second data set from a 230 m OD site at Altnahinch reservoir was analysed. This relates to the period between 1980 and 1986 and is used to check findings from the Coleraine data, but is not used in the development of any correction technique owing to the short recording period and lower quality control at the Altnahinch site.
Monthly variations
Figure 1(a) illustrates the mean monthly variations among the three types of raingauge, both the turf wall and ground level gauges being expressed as a percentage of the corresponding standard exposed gauge equivalent. Figure  1 (c) shows similar data used by Rodda (1970) Rodda, 1970) .
mean monthly rainfall at the ground level gauge is 7.9% and 6.4% greater than at the standard exposed gauge. The data for Altnahinch ( Fig. 1(b) ) also show that mean monthly rainfall catch in the ground level gauge is 7.8% greater than at the standard gauge, but exhibit a much greater monthly variation. The high catch differences that occur at Altnahinch in mid-winter (mean differences of 13.9% and 17.2% in January and February respectively) are probably complicated by the greater occurrence of prolonged snow cover at this site which may be susceptible to errors induced by snow drift. Such an explanation is subjective as no records of snow depth/drifting were kept at this site. However, Newson (1979) reports similar problems with snow drifting into ground level gauges at the Plynlimon experimental catchments operated by the UK Institute of Hydrology. It was not the aim of this study to examine the reasons for the variations found between the gauges, but to assess the magnitude of such variations and to devise some simple correlation technique. Rodda (1970) tried to relate variations in rainfall catch to average wind speed, angle of incidence and the mean intensity of rainfall. However, he found that there was little correlation between any of those factors on the one hand and variations in rainfall catch between exposed and ground level gauges on the other. Rodda's summary did suggest that the variation in catch is likely to be greatest at elevated westerly sites where wind speeds are highest. The Colerainè site is exposed to the North Atlantic westerlies, and the Altnahinch site is both elevated and exposed on an upland plateau. Results from both sites therefore confirm Rodda's proposition. The only wind data available at the Coleraine site were daily mean data at a 10 m high continuous recorder. The mean monthly wind speeds were not found to be correlated in any way to the rainfall catch variations. However, those data are inconclusive, and detailed hot-wire anemometer readings during specific periods of rainfall are needed to test the seemingly natural link between wind/aerodynamic effects of the gauges and the differences in rainfall catch. Harrison & Newson (1978) reported slight "at-a-site" correlation between catch differences and mean wind runs (r 2 = 0.15 and r 2 = 0.0015), while Rodda & Smith (1986) were more successful in their "cross-site" correlations with mean wind speed and catch differences between the standard and ground level gauges. Wind speed/exposure is important in the performance of raingauge collectors, and studies by Folland (1988) on "flat champagne-glass" collectors show possible solutions to the interference of raingauges in the collection of precipitation. However, splash-out remains a problem with such gauges. Whatever the instrument design, there will always be problems with instrument-induced errors. It is only possible to be aware of such errors and, where possible, to make adjustments to the data for a given site with its own unique exposure conditions and precipitation regime.
Long-term variations
Examination of the sequential monthly data for Coleraine highlighted a significant temporal pattern in the relative behaviour of the standard and ground level gauges. Figure 2 shows the monthly ground level data expressed as a percentage of the equivalent standard gauge catch. The main feature of this graph is the apparently higher differences in the first two to three years of the data. The anomalously high percentage difference in 1985-1986 stems from the very low rainfall received in February 1986 (less than 10 mm in the month). Small differences in actual catch at the three gauges are therefore exaggerated when expressed as percentages of such a low total. Figure 3 clarifies the sequence of changes in the study period by presenting the annual catches at the turf wall and ground level gauges as a percentage of the standard gauge equivalent. From Fig. 3 it is apparent that, in the first two years, about 15% and 12% more rainfall appeared to be caught by the ground level and turf wall gauges, amounts more than in the later years of the study when the excess catches relative to the standard gauge were 5% and 3% respectively. The exact cause of such anomalies is uncertain, although it may be related to a period of "settling-in", either of the two new sites, or of the raingauge collecting surfaces, or both. 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 Fig . 3 The mean annual rainfall catches from the turf wall and ground level raingauges expressed as percentages of the standard exposed gauge annual catches.
measurements began, the gauge installed at the turf wall site had already been outside for 10 years and was well weathered. In contrast, the gauge at the standard "exposed" site was 18 months old and slightly weathered, while that at the ground level site was new. The relative age of the three gauges is the only distinguishing factor between the three gauges, apart from the site characteristics. Further work is in progress to assess the effects on rainfall catch of new, old, re-varnished and plastic collection surfaces (Tullet, 1987) . Whatever the cause of this anomaly, its presence cannot be ignored. Many rainfall and water balance studies are based on only two or three years of field data and it would therefore seem prudent that data from "new" sites should be examined in relation to later data to ensure that over-estimates are not present. Alternatively, if the data collection period is to be short (2-3 years), then previously weathered gauges should be used at new sites. The main purposes of examining differences in raingauge performance were firstly to assess the effect and magnitude of such differences on catchment water balance studies, and secondly to produce a correction procedure for standard rainfall data at other sites where ground level data are not available. Water balance studies undertaken in Northern Ireland (Essery, 1989) indicated that the ground level gauge data gave the most appropriate estimates of catchment rainfall. To establish a simple correction technique for other sites, monthly data for all three gauges were compared using simple linear regression models to produce conversion equations that could be used to adjust standard gauge monthly data to a turf wall or ground level equivalent. Table 1 illustrates the effect of incorporating data from the first two years of study in the regression analysis. Predicted values of rainfall for a ground level gauge are higher than those obtained if data from the first two years are excluded from the analysis. In percentage terms, the effect of excluding the first two years of data is greater for small rather than for large rainfall totals.
The final equations chosen exclude the first two years of anomalous results and are given below: 
(2) where Rl is the standard gauge data, R2 is the turf wall gauge data and R3 is the ground level data. Scattergrams are shown in Fig. 4 . The presence of limited scatter in this relationship reflects the relatively low influence of random errors in this study. It should be noted that the readings were made by several operators which, if anything would tend to maximize the amount of scatter. The usefulness of such correction equations depends very much on the magnitude of monthly rainfall. It would be useful to test this correction procedure in other areas, where rainfall regimes are more varied, before one could be confident in applying the method outside Northern Ireland (or locations of similar climatic regime). One promising indication of the value of the correction method is indicated in independent results by Olaniran (1982) using Nigerian data. Using ground level and exposed MKII gauges, Olaniran produced a regression equation of the form:
The gradient and intercept values of equation (3) are very similar to those found for the stable period of data (9 year duration) at the Coleraine site. In a similar study Bruin (1986) carried out regression analysis on results from 52 stations with standard and pit gauges. Although those gauges are not directly comparable with those used in this study, they exhibit similar relationships. The mean regression line slope was 1.032 (ranging between 1.170 and 0.989) with a mean intercept value of 0.538 (ranging between -5.9 and +6.1). Although the mean relationship is consistent with the relationship found at the Coleraine site and that of Olaniran (1982) , the range reported by Bruin (1986) suggests that the relationships may be site-specific. It should also be noted that the average length of comparative records for the 52 sites was only 29 months with the longest study being for 45 months. In the light of the "settling-in" errors reported in this paper it is possible that such errors may be present in Bruin's data set. Rodda & Smith (1986) 1979-1980 and 1987-1988: (a) shows the relationship between the standard gauge (Rl) and the turf wall gauge (R2); and (b) shows the relationship between the standard gauge and the ground level gauge (R3).
43 sites in the UK with standard and ground level data and found a regional relationship between mean wind speed and catch difference. When applied to the mean wind speed map of the UK, the resulting contour map infers a 10.0-12.5% difference in catch. Such a difference matches only the first two to three years of the Coleraine data, with later years having only a 5% difference in catch. This discrepancy may be a result of inaccuracies in the mean wind speed map data, or perhaps may reflect the use of short-term rainfall data at some of the 43 sites used by Rodda & Smith (1986) .
IMPACT ON CATCHMENT WATER BALANCES
Ideally, a hydrologist wants measurements of "true" rainfall. Rodda (1976) defines this as being "the amount of rain which would have reached the ground if the gauge had not been there". Therefore the true rainfall received by a catchment can never be accurately assessed, as no raingauge has yet attained a totally passive status. Recent accounts of the error in catchment water balances have estimated that the rainfall component can account for between 5% and 10% of the total error. A possible source of such error is the settling-in phenomenon described in this paper for short-term field experiments.
The construction of catchment water balances and their subsequent reflection of reality are heavily dependent on the accuracy with which individual water balance components are monitored by the respective instruments. In a study of a 10 year monthly water balance, Essery (1989) used the three rainfall estimates described in this paper, along with three estimates of évapotranspiration and accurate stream discharge measurements to assess which combination of instruments most accurately reflected the actual changes found in the catchment groundwater storage. This offered an opportunity to select the "best" raingauge type and indicated that the ground level raingauge gave the most realistic estimate of the rainfall component. Further water balance studies on larger catchment water balances (Essery & Wilcock, 1990) , where only standard gauge data were available, indicated that when such data are corrected to the ground level equivalent, the water balance is more realistic.
Given the current interest in climate change, the accurate assessment of the main components of the hydrosphere is essential. In global terms the variations in errors associated with all elements of the world water balance are estimated to be in the order of between 1% and 5% (Baumgartner & Reichel, 1975) . Rainfall is claimed to be estimated to within a 1% error. With the rainfall errors reported in this paper, one must ask how valid such claims are, especially when global balances must be derived from a wide variety of rainfall and precipitation gauges from around the world.
CONCLUSIONS
The analysis of monthly rainfall catches from exposed, turf wall and ground level standard UK Meteorological Office Mkll raingauges has shown that consistent systematic errors exist, with the ground level gauge collecting more than either a turf wall or exposed gauge of similar construction/material. More specifically, the following conclusions have been identified. (a) The magnitudes of rainfall catches from exposed, turf wall and ground level raingauges consistently differ. The systematic underestimate of rainfall resulting from the use of a standard exposed gauge as opposed to a ground level gauge is typically 5%. In the case of the Coleraine site this will result in an annual accumulated underestimate of rainfall of between 50 and 60 mm. (b) The long-term nature of the data set has highlighted a "settling-in" feature which produces differences in catch of approximately twice those of subsequent years. This feature has been associated with the use of new, unweathered rainfall collectors in the initial period of the study. (c) Simple linear regression equations have been produced and used which can correct standard exposed gauge data to a ground level equivalent. Those equations are also found to be very similar to ones produced from Nigerian data.
The presence of such errors as described in this paper must be recognized and, if possible, corrected using the equation provided. The similarity of the correction equation of Olaniran (1982) is encouraging, but confidence will only be possible when data from other sites with differing climatic regimes have been obtained and analysed in a similar manner. Within three Northern Ireland catchments, water balance studies suggest the preference of ground level data, but until further data are available, the applicability of any correction factor must be considered with caution.
In practical terms, this study highlights the problems of using rainfall data without considering the type of raingauge used, and encourages the examination of both national and, especially, international data sets for both relative and absolute studies of rainfall. Short duration hydrological studies which rely heavily on the assessment of rainfall inputs need to be assessed in the light of the results presented here.
